Enhanced Seebeck coefficient in silicon nanowires containing dislocations In recent years, research on thermoelectric (TE) materials has intensified-thanks to the exciting potential of low-dimensional structures such as nanowires. Experiments have shown that nanostructuring materials can greatly reduce their thermal transport properties, significantly enhancing thermoelectric performance. With reduced thermal conductivity, nano-structured silicon-which is plentiful and low-cost-becomes a competitive TE material, but still trails traditional TE materials in overall performance. In this study, we show that the creation of extended defects within the crystal structure of silicon nanowires can create an additional enhancement. Relative to regular silicon nanowires, extended defects lead to an increased Seebeck coefficient. The effect is a consequence of the creation of dislocations and dislocation-loops, intentionally introduced in the nanowires. These defects create nano-scale potential barriers which theoretical studies have predicted can enhance silicon's thermopower by energy filtering of low-energy carriers. Although the defects slightly reduce carrier mobility-increasing electrical resistivity in the nanowires-their presence creates an overall two-fold enhancement in the thermoelectric power factor. The inspiring potential of nanowires for thermoelectrics (TE) was predicted theoretically by Hicks and Dresselhaus in 1993. 1 For Si, experimental realization of this potential was shown in 2008 by two groups in parallel, with the demonstration that Si nanowires (SiNWs) give a 100-fold enhancement in TE performance compared to bulk Si. 2, 3 This raised Si's room-temperature TE performance closer to that of more traditional TE materials such as bismuth telluride (Bi 2 Te 3 ). The finding was attributed to a reduction in thermal conductivity (j) to a value approaching the amorphous limit. 4 This has since been corroborated both experimentally and theoretically by a number of research teams worldwide, with wire surface-roughening and thinning of wires shown as ways to reduce thermal conductivity still further. In addition to j, the conversion efficiency of thermoelectric materials is governed by a number of interdependent material parameters, commonly expressed by the dimensionless term ZT, the figure-of-merit, defined as ZT ¼ S 2 T/qj, where S is the Seebeck coefficient of the material, q the electrical resistivity, and T is absolute temperature. For SiNWs, a ZT of $0.6 is achievable, 2 whereas for Bi 2 Te 3 , ZT is routinely $1 at 300 K. 5 Although Si is inexpensive and abundant, in stark contrast to elements like Te, further optimization is required for SiNWs to be considered a truly state-of-the-art TE material. Though much of the recent focus in this area has been on j reduction, the amorphous limit of j has been all-but achieved in SiNWs; therefore in this letter, we take an alternative, but complementary, approach, by focusing on enhancing the Seebeck coefficient of SiNWs.
Here, we show that by introducing extended crystallographic defects, a substantial further enhancement in TE performance is possible for SiNWs. In other contexts, the introduction of extended defects has been shown as a powerful tool for disturbing Si's fundamental properties. For example, despite having an indirect band gap, remarkably, dislocations can promote optical emission from Si. 6 For thermoelectrics, theoretically, it has been shown that the thermopower of Si can be improved by the introduction of nanometer-sized potential barriers, where their presence filters low-energy charge carriers and improves the Seebeck coefficient. 7 In the results reported here, experiments were carried out to practically demonstrate the benefits of this potential barrier approach for SiNWs.
To achieve this, defects were introduced by ionimplantation, followed by thermal annealing. Starting substrates were 500 lm-thick, 4-in.-diameter bulk (100) n-type Si wafers with P-doping and resistivity of $5 X-cm.
28
Si ions were implanted at room temperature with a 7 tilt and 22 rotation, using a 2 MV ion implanter (High Voltage Eng. Europe, 1991). Si was implanted at 2 MeV and fluence 6Â10 15 cm
À2
. After implantation, wafers were annealed using a Jipelec Jetstar 8-in. rapid-thermal annealing system at 1000 C for 60 min in N 2 ambient. This process introduced a band of dislocations and dislocation-loops (DLs) at a depth spanning 1 lm to 3 lm beneath the wafer surface, as illustrated in Figure 1(a) . Nanosphere templates were prepared on the surface of water by diluting a 10% wt. solution of 1 lm polystyrene nanospheres with an equal volume of ethanol, and allowing them to assemble in to close-pack monolayer crystals. The nanosphere template was transferred to substrates by lifting the Si through the monolayer and allowing it to dry. Nanosphere size was adjusted by etching in an Oxford plasmalab reactive ion etcher for varying times, at 100 mTorr a)
Author to whom correspondence should be addressed. Electronic mail: n.bennett@hw.ac.uk. Tel. þ44 131 451 4379. ) were then prepared using metal-assisted chemical etching (MACE) 8 by submersion for 10 min in a mixture of ethanol, hydrogen peroxide (30%), and HF (48%), in ratio of 1:3:3 by volume (hydrogen peroxide: ethanol: HF), before being removed, washed in ethanol/water, and dried. Each sample was prepared in tandem, with one having defects and one of virgin Si. Bulk Si and bulk ion-implanted control samples, i.e., without SiNWs, were also fabricated. All samples were characterized to confirm physical dimensions (wire length/ diameter and fill-factor) by (Carl Zeiss Evo series) scanning electron microscopy (SEM). Transmission electron microscopy (XTEM) (Hitachi HD2300A STEM, 200keV, Schottky FE, probe size $2Å ) was carried out to confirm that the presence of defects was the only variable between each defect-containing sample and controls, i.e., to confirm that all SiNWs were similar in terms of diameter, surface-roughness, shell-oxide thickness, and that MACE synthesis of the SiNW array preserved the defect loops. An example of a defectcontaining SiNW is presented in Figure 1(c) .
The Seebeck coefficient was characterized for each SiNW array using a transient temperature/voltage method synonymous to that described by Krali and Durrani. 9, 10 Seebeck coefficient and resistivity measurements were carried out in parallel, with top and bottom copper contacts also acting as a heat source and heat sink, respectively. Additionally, thermocouples were used top and bottom to measure the transient temperature difference DT across the sample, and were located <1 mm from the sample surface and <1 mm from the contact probes used to measure the open-circuit voltage DV, produced as a function of DT (Keithley 2182 A nano-voltmeter). Samples were heated by optical illumination from above, and cooled from below by flowing cold water. The Seebeck coefficient was measured for the entire SiNW/Si sample and the SiNW component S NW was extracted from
where S is the measured Seebeck coefficient, S bulk is the measured Seebeck coefficient of the bulk Si control sample, FF is the fill-factor (defined here as the fraction of sample surface-area covered by SiNWs), t Si is the thickness of Si, and t NW -the SiNW length. 9, 10 Fill-factors were defined by the nanosphere shadow-mask employed for MACE, and confirmed by SEM inspection.
For bulk Si, a Seebeck coefficient, S bulk , of À928 lV K
À1
at room temperature (297 K) was extracted from a data set of >150 measurements (Figure 2(a) ). For control samples, S bulk increased slightly as the temperature was raised to 317 K and again to 337 K, in line with expectations based on previous studies. 11 For bulk Si samples containing defects, Seebeck coefficients comparable to controls were recorded at all three temperatures. Values were up to 5% higher in defectcontaining samples across all three measurement temperatures, but although consistent, were smaller in magnitude than the size of the error bar, so any true difference was difficult to confirm. When we examined the Seebeck coefficients for bulk SiNWs for the various wire diameters compared to controls, a slight increase of, on average, 10% was evident compared to bulk Si, as shown in Figures 2(b)-2(d) . Again this trend is consistent across all measurement temperatures, but the difference is relatively small. In contrast, a large increase is evident when one observes the measured Seebeck coefficients for SiNWs that contain defects. Seebeck coefficients are up to 66% higher as compared to their non-defect-containing counterparts and are up to 90% higher than bulk Si. Compare for example, S NW ¼ À1811 lV K À1 for 750 nm-diameter defectcontaining samples, whereas for the 750 nm-diameter control SiNWs, S NW ¼ À1091 lV K
. This improvement is consistent across all measurement temperatures and has particular significance given that ZT is proportional to S 2 . As stated previously, the S enhancement is modest for bulk samples, but increases significantly for SiNW samples, more so as their diameter is reduced from 950 to 850 nm, and again to 750 nm, demonstrating an increase in the effect as smaller nano-structures are created. The magnitude of improvement is similar for all measurement temperatures (297-337 K). One important observation is that this effect seems to rely on both defects and nano-structuring to have any substantial influence on Seebeck coefficient. The strategies taken separately produce little or no significant improvement in S.
To explain the mechanism responsible for this Seebeck coefficient enhancement, we look more closely at the crystal structure within each SiNW, in proximity to the band of extended defects-primarily dislocation-loops. When present within the crystal lattice, these DLs exert a significant pressure by pushing-apart nearby Si atoms. 12 Since the band-gap energy, E G , of Si is pressure-dependent, this pressure causes a local increase in E G around each DL (of $0.75 eV according to the elastic theory of dislocations 12 ). A schematic diagram showing band structure disruption close to the DLs is proposed in Figure 3(a) , synonymous with the model previously developed for understanding the behavior of defectengineered Si LEDs. 12 The regions surrounding DLs thus contain potential barriers similar in structure to those proposed in reference, 7 where it was suggested theoretically that the Si thermopower can be enhanced by incorporation of nano-scale potential barriers. These barriers filter low-energy charge carriers leading to an enhanced Seebeck coefficient. 7 Previous theoretical studies also point-to why defects alone do not enhance S.
13 Nano-structuring is also required to restrict the physical path available for electrons to flow through, i.e., forcing them close to DLs and allowing them to be filtered by barriers, unlike in bulk materials where charge carriers are less restricted and more able to avoid potential barriers. This also explains why we observe a heightened effect, i.e., S increases, as the diameter of the SiNWs becomes smaller from 950 to 850 nm, and again to 750 nm. One clear deviation from this is the S enhancement, which while still significant diminishes when the SiNW diameter is reduced further to 550 nm. This is at odds with theoretical work that implies that the enhancement should continue to increase as the SiNW diameter shrinks, becoming comparable in size to the DLs. 13 However, caution is exercised for the measured Seebeck coefficients of the 550 nm SiNW arrays, which are subject to significant carrier-depletion at the wire edges, due to their low-level of doping. This creates a vastly reduced "effective diameter" for carrier conduction. For example, a carrier depletion width of 230 nm is estimated at each edge, 14 meaning the SiNWs are almost fully depleted of carriers, and that the Seebeck coefficient for this sample could be inaccurate. The carrier depletion premise is supported by electrical resistivity measurements for 100 nmdiameter wires that demonstrated extremely high electrical resistance, suggesting they were fully depleted of charge carriers, and where no Seebeck measurements were possible. Further investigation of small-diameter SiNWs is required, however encouragingly, for the high-doping levels required for commercial TE applications (>10 19 cm
À3
), edge depletion would be much less significant-amounting to tens, rather than hundreds of nanometers 14 -so, in that case, the Seebeck coefficient enhancement could be realizable in much thinner SiNWs (diameters (750 nm). Importantly, this diameter range (<300 nm) might also coincide with SiNWs having reduced thermal conductivity. Assuming that the Seebeck coefficient enhancement can be realized for thinner SiNWs when highly doped, the combined thermal conductivity and Seebeck coefficient enhancements taken together might improve the room temperature ZT of SiNWs to be competitive with traditional TE materials. Further experimental and theoretical investigations are needed in order to realize this improvement.
To further characterize TE performance, all SiNW samples and controls were also measured to investigate their respective differences in thermal transport. Each sample had thermal diffusivity measured at four different temperatures by a laser-flash system (Netzsch model LFA 447 NanoFlash) to reveal the heat transfer across the whole sample, i.e., through both the Si substrate and the SiNWs. Each measurement consisted of 5 single shots with maximum standard deviation <1%, and data acquisition/evaluation using dedicated software. Results showed no significant difference in thermal diffusivity for regular SiNWs with diameters in the range !550 nm and 900 nm, as illustrated in Figure 3(b) . For these samples, thermal diffusivity was equal, within the range of experimental error, to that of a bulk Si control sample at each of the various measurement temperatures. This result was expected. 15 For thinner SiNWs, i.e., with diameters of 100 nm, thermal diffusivity of the sample was seen to decrease significantly, as expected when the SiNW diameter is less than the mean free phonon path length. 15 Given that the thermal conductivity of the substrate was measured separately, a simple two-layer model was employed to extract the thermal conductivity of the 100 nm SiNWs, thought to be responsible for this overall reduction in thermal diffusivity. An extracted value of 15.1 W m À1 K À1 at 297 K for the thermal conductivity of 100 nm SiNWs is in close agreement with other published findings. 15 Notably, no difference in thermal conductivity was evident in any SiNW samples as a result of defects, irrespective of SiNW diameter. It was expected that the defect zone might beneficially reduce thermal transport in the SiNWs by modestly increasing phonon scattering, but this effect was unfortunately not evident.
SiNW samples were also electrically characterized, initially by two-point geometry to extract resistivity. For bulk Si samples, four-point resistance measurements were also made using the same copper contacts and results were compared to two-point measurements in order to estimate the magnitude of contact resistance in the two-point set-up. This value was subsequently removed during analysis in order to more accurately estimate the electrical resistance across SiNW samples. Resistance values were measured at three temperatures (297 K, 317 K, and 337 K) as a function of SiNW diameter. The measured resistances showed a marked increase as the SiNW diameter was reduced from 950 nm to 100 nm. This was a consequence of two factors: (i) the fill-factor was reduced, and (ii) the SiNW surface-tovolume ratio was increased, meaning the effect of carrier depletion at the wire surface became more significant. Therefore, data were also normalized to take account of these differences. For all but the 100 nm SiNWs (fully depleted of carriers), after normalizing to a fill-factor of unity, removal of contact resistance, and correcting for carrier depletion effects, resistivity values were found to be close to that of the Si control wafer (5.48 X cm at 297 K). Crucially, a small difference in average SiNW electrical resistivity was measured when comparing samples with or without defects. An average 4% increase in electrical resistivity is present for the samples containing defects. Since extended defects in Si are known to reduce electron mobility, this was investigated further using Hall depth-profiling measurements (Biorad HL5900). 16 These were carried out at 297 K on bulk Si and defect-containing bulk Si samples by native-oxide-stripping using buffered-HF dips for 60 s, followed by oxide regrowth in deionized water for 120 s. After each round of oxide-stripping, the resistivity and Hall coefficient of the sample was measured in van der Pauw geometry in the presence of a 0.5 T magnetic field. Depthprofiling revealed that the doping concentration in bulk and defect-containing samples were both comparable and constant from the sample surface to a depth of 3 lm. This included the zone where defects were present. However, in the $1.5 lm zone where defects were most densely packed, electron Hall mobility was reduced by almost 25% as compared to the control sample-from $1200 to $900 cm 2 V À1 s
À1
-causing an accompanying local increase in resistivity (illustrated in Figure 4 ). This increased resistivity would have an adverse effect on the SiNW power factor and ZT; however, even in the worst case-where the q increased by 25% throughout the entire SiNW-this is more than offset by the accompanying improvement in S, which is a squaredterm in both power factor and ZT formulas. The coupled effect of changes in these two terms, combined with the nonvariation in j as a function of the presence of defects, implies a two-fold enhancement of ZT for samples containing defects, compared to those without.
In conclusion, the introduction of dislocation defects represents a promising route to improving the TE performance of SiNWs. Relative to regular SiNWs, those containing dislocations and dislocation-loops have an increased Seebeck coefficient. The DLs create potential barriers that are most likely responsible for the enhancement, by energy filtering of low-energy carriers. Although the defects slightly reduce carrier mobility-increasing electrical resistivity in the nanowires-the net effect on TE performance is positive. If combined with thin (<300 nm diameter), highly doped (>10 19 cm
À3
) nanowires-where thermal conductivity is reduced-SiNWs with competitive TE figure-of-merit could be possible in the near-future.
FIG. 4. Doping concentration and
Hall mobility as a function of depth below the sample surface, measured at 297 K. Bulk samples, both with and without defects, are shown.
